The prior immunisation of mice with purified excretory-secretory product (ESP) led to a complete failure of Giardia lamblia colonisation following challenge inoculation of these animals with trophozoites. The prior immunisation of mice with ESP resulted in a significant stimulation of local immunity as evidenced by a significant enhancement of T helper/inducer activity along with a significant increase in immunoglobulin A-bearing cells. Further, the presence of anti-ESP antibodies in the serum of immunised as well as immunised-challenged animals indicated the stimulation of the systemic lymphoid system. This suggests that the ESP is highly immunogenic and it could be one of the major antigens of G. lamblia responsible for protection against the infection. z
Introduction
Giardia lamblia has been implicated as one of the causative agents of diarrhoea and malabsorption especially in children [1] . Identi¢cation of the parasite antigen responsible for initiating protective immunity is essential to complete our understanding of the natural history of G. lamblia infection and the development of an enteric vaccine. Several groups have investigated the antigenic determinants of Giardia [2^11]. These studies provide evidence that surface molecules serve as anti-parasite targets for the host immune system. However, the importance of these antigens in promoting clearance of G. lamblia from the intestine and the development of protective immunity remains to be established. The immune system appears to have a pivotal role in not only a¡ect-ing parasite clearance and protective immunity but possibly also in the pathogenesis of the T cell-mediated mucosal damage.
Since G. lamblia is primarily a gut parasite, alterations of gut-associated immune e¡ector mechanisms would be important in permitting G. lamblia trophozoites to colonise while a stimulation of such responses would eliminate the parasite from the gut.
The factors that mediate the clearance of G. lamblia infection in some individuals while allowing persistence of infection in others remain elusive. Current evidence suggests that both humoral and cellular immune responses are important in clearing the parasite and providing immunity to reinfection [12^15] . Though the trophozoites of G. lamblia have a complex mosaic of antigens, the surface-associated antigens would be important for initiation of host immune responses and activation of immunological e¡ector mechanisms. Such responses may destroy the parasites or inhibit their multiplication [16, 17] . Therefore knowledge of the antigenic composition of the parasite and the role that these antigens play in the immune response during infection is important for understanding the pathogenesis of the disease. We have earlier identi¢ed and characterised an immunodominant excretory-secretory (ES) antigen (ESP, 58 kDa) of G. lamblia (paper communicated: Article No. IAI 1179-98) and the main aim of the present study was to investigate the biological significance of this antigen in gut-associated e¡ector immune responses leading to the clearance of the parasite. This paper thus focuses its attention to the immune responses developed against the puri¢ed ES product of G. lamblia in an experimental mouse model to understand the clearance of infection.
Materials and methods

Puri¢cation of ESP
Cell-free supernatants of G. lamblia collected after 12 h of culture in MEM were successively precipitated with di¡erent percentage saturations of (NH R ) P SO R and assessed for immunoreactivity by micro-ELISA assay. The 25% and 40% saturated (NH R ) P SO R -precipitated ES fractions having maximum immunoreactivity with anti-CGE antibodies were pooled, labelled as crude ES antigen (CESA), which was successfully eluted out ¢rst from the anti-CGE IgG-Sepharose CL-4B column and further fractionated to homogeneity by gel ¢ltration using Protein Pak SW 300 column in the FPLC system. Both SDS-PAGE and alkaline PAGE of the puri¢ed protein (labelled as ESP) revealed a single band of M r 58 kDa (Fig. 1 ).
Groups of animals
Inbred BALB/c mice aged 3^4 weeks (15^18 g) of either sex maintained in the animal facility room of our department were employed in the study. These animals were checked for G. muris infection [18] . They were grouped (10 mice per group) as follows. Fig. 1 . Characterisation of puri¢ed ESP. a: Molecular weight markers, i.e., phosphorylase b (97.4 kDa), bovine serum albumin (66 kDa), glutamate dehydrogenase (55 kDa), pepsin (34.7 kDa) and lysozyme (14.2 kDa), CESA (10 Wg) and the puri¢ed ESP (5 Wg) were applied in lanes A, B and C respectively in SDS-PAGE (10%). b : The molecular mass of the puri¢ed ESP was determined from the plot of relative electrophoretic mobility of the marker proteins against their corresponding molecular weights. c: The CESA (10 Wg) and the puri¢ed ESP (7.5 Wg) were applied on alkaline PAGE (7.5%) in lanes A and B respectively. Group 1: immunised group. These mice received four oral doses (50 Wg total) of puri¢ed ESP at intervals of 7 days each, after neutralising the stomach acidity with 0.25 ml NaHCO Q (100 mg ml 3I , pH 8.5). The antiserum from these animals was tested by immunodi¡usion [19] using 1.5% agarose in 0.05 M sodium barbital bu¡er (pH 8.3), to assess to the status of immunisation.
Group 2: immunised-challenged group. These animals were immunised as described for group 1. However, this group of animals was challenged with G. lamblia trophozoites 7 days after the last immunising dose.
Group 3: infected group. The animals of this group were infected with G. lamblia trophozoites after receiving NaHCO Q (as above).
Group 4: control group. These animals received the same treatment of NaHCO Q (as above) prior to receiving normal saline and served as control animals. This is to control for the e¡ect of bicarbonate treatment on trophozoite infectivity.
Infection/challenge of the experimental animals
Axenic G. lamblia trophozoites (Portland-1 strain) were harvested from 48^72-h culture and washed with 0.15 M phosphate-bu¡ered saline, pH 7.2 (PBS). The count was adjusted to 2U10 U viable trophozoites per millilitre of PBS and the animals were challenged intraoesophageally with 0.5 ml of inoculum with a catheter [20] .
Follow-up of animals
The animals from each group were killed at various post immunisation/post challenge (PI/PC) or post infection (p.i.) days, i.e., 3^5 days (establishment phase), 9^11 days (acute phase) and 17^21 days (decline phase).
Trophozoite load in the intestine
The trophozoites were counted in the intestinal perfusate of infected as well as immunised-challenged animals by the method of Vasudeva et al. [21] . After laparotomy, the small intestine was excised and £ushed with a ¢xed volume of ice-cold normal saline. The perfusate was centrifuged at 50Ug for 2^3 min to remove the tissue fragments and food particles. The supernatant was centrifuged at 600Ug for 10 min. The pellet was washed with normal saline and the total number of trophozoites was counted in a haemocytometer.
Isolation of gut lymphocytes
Intraepithelial lymphocytes (IEL) and lamina propria lymphocytes (LPL) from control and experimental mice were isolated by the modi¢ed method of Davies and Parrot [22] and Tagliabue et al. [23] .
Brie£y, a 12^15 cm long segment of the small intestine, cut longitudinally after surgical removal of Peyer's patches, was fragmented into 1^2 cm long pieces. These pieces after washing in Hanks' balanced salt solution (HBSS) were incubated in HBSS with 5 mM dithiothreitol (DTT) (Sisco, India) for 5^10 min at room temperature to remove mucus. The gut pieces incubated at 37³C in Ca P ,Mg P -free HBSS with 10 3R M EDTA for 20 min under constant stirring were washed 3^4 times in Ca P ,Mg Pfree HBSS containing 5% foetal calf serum (FCS), at room temperature. The cells in the supernatant were washed twice, suspended in RPMI 1640 medium with 5% FCS and passed through a loosely packed glass wool column (GWC). They were then subjected to Ficoll Isopaque density gradient (Sigma Chemical Co., USA) centrifugation. The cells at the interface were harvested, washed and resuspended in RPMI 1640 medium with 10% FCS. These cells were labelled`IEL'.
The gut pieces after the complete recovery of IEL were suspended in RPMI 1640 medium containing 10% FCS and 20 U ml 3I of collagenase (type IV, Sigma Chemical Co., USA). The cell suspension after incubation at 37³C for 10 min was passed through GWC before being subjected to Ficoll Isopaque density gradient centrifugation. The cells recovered at the interface were labelled LPL'.
Preparation of lymphocytes from Peyer's patches (PP) and spleen
The lymphocytes from spleen and PP were isolated by the method of Lycke et al. [24] . Brie£y, the lymphocytes from both tissue suspensions were collected separately by teasing them in HBSS between the ends of a frosted slide and passed through GWC. The resulting ¢ltrate was centrifuged at 250Ug for 10 min at 4³C and the supernatant was discarded. The washed cells of both populations were then separately subjected to Ficoll Isopaque gradient centrifugation. The cells at the interface of the gradient were collected and ¢nally washed and suspended in RPMI/FCS.
Cell viability
The viability of IEL, LPL as well as PP and spleen lymphocytes was checked by the 0.2% trypan blue exclusion procedure [25] .
2.9. Enumeration of T cell subsets and assessment of immunoglobulin bearing cells by £ow cytometry [26] Brie£y, the T/B cell markers on IEL, LPL, PP and spleen lymphocytes were labelled by incubating the individual cell preparations with FITC-labelled antimouse Thy 1.2, L3T4 and Lyt 2.2 monoclonal antibodies (Becton Dickinson, USA) as well as FITClabelled goat anti-mouse F(ab) P IgG, IgA and IgM (Kirkegaard and Perry, USA) for 30 min at room temperature in the dark. After washing with PBS, the cells were ¢xed with 0.5% formaldehyde at 4³C for 30 min and acquired on FACScan (Becton Dickinson, USA) to assess the percentage of £uorescent cells.
Humoral immune response
The levels of anti-ESP antibodies in the serum samples collected after completion of immunisation as well as infection at various days after challenge in all group of animals were checked by standard micro-ELISA assay [27] .
Statistical analysis
The statistical analysis of data was done by employing one-way analysis of variance (ANOVA) with multiple comparisons and only values 6 0.01 were considered as signi¢cant. All values are expressed as mean þ S.D.
Results and discussion
There has been much controversy in selecting a suitable mode of immunisation to stimulate an e¡ec-tive mucosal immunity. Parenteral immunisation has been the main vaccination route for infectious diseases. This route has been e¡ective in preventing infectious diseases which have a systemic phase prior to or concomitant with their major pathological effects. However, such a route of immunisation has been at the best only marginally e¡ective in preventing gut-dwelling infections [28^30] . The failure of the parenteral route of infection is obvious because the parenteral antigen administration fails to induce mucosal immunity [30] . However, the oral route has been found to be very e¡ective at eliciting a speci¢c mucosal immune response although it requires prolonged antigen administration in large amounts [20, 30, 31] . The oral immunisation of experimental animals with the puri¢ed ESP (as indicated by immunodi¡usion, Fig. 2 ) was indeed found to stimulate the immune system very e¤ciently. The introduction of the ESP into the intestinal lumen also prevented the establishment of the G. lamblia trophozoites in the immunised-challenged group, whereas the infection established by 3^5 days p.i. in the intestine of infected control animals (group 3), after reaching peak levels at 9^11 days p.i., was spontaneously cleared by 17^21 days p.i. (Fig. 3) .
Studies by Ferguson et al. [32] proposed that the mucosal T lymphocytes are likely to be involved in the immune reactions or in hypersensitivity reactions to the parasite. The data of the present study indicated that the immune responses at gut level during a primary G. lamblia infection involved the interactions of both intestine T cells and antibody-producing cells. The extraction of IEL and LPL using the modi¢ed method of Davies and Parrot [22] and Tagliabue et al. [23] produced high yields of both IEL and LPL per animal (10.14 þ 1.6U10
T and 12.15 þ 2.34U10
T respectively) with s 90% viability. The separation of PP and splenic lymphocytes also provided a pure population of viable ( s 90%) cells as assessed by 0.2% trypan blue exclusion. The cell count was 5.6 þ 0.86U10 U sp per animal and 9.3 þ 0.34U10
T pp per animal). The di¡erential responses of IEL and LPL observed during the colonisation, peak and decline phases of giardial infection were considered speci¢c to G. lamblia infection since the observed alterations occurred following the inoculation of trophozoites. No alterations in the lymphocyte T cell subsets or antibody-producing cells were noticed in uninfected control animals kept under identical conditions. The establishment and acute phases of G. lamblia infection in the infected animals in the present study accompanied a signi¢cant in£ux of Lyt 2 (suppressor/cytotoxic lymphocytes) (Tables 1 and 2 ) and a signi¢cant decline in IgA-bearing plasma cells (Tables 1 and 2) in the gut (IEL/LPL). It has earlier been shown that the intestinal lymphocytes isolated during the course of giardial infection from NMRI mice were incapable of killing the G. lamblia trophozoites in vitro either in the presence or in the absence of G. lamblia-speci¢c antibodies. Thus the Lyt 2 cells in£uxed as a result of Giardia infection appeared not to be cytotoxic T cells in nature but were suppressor T cells [33] . This in£ux of suppressor T cells during establishment and peak phases of giardial infection has been suggested by these authors to be due to the feedback suppressor pathway which might have been triggered very early or preferentially after the immune induction following G. lamblia infection due to the release of some ES products by the multiplying trophozoites. An early selective localisation of suppressor T cells observed in the infected animals may therefore explain the signi¢cantly low level of IgA-bearing cells in the IEL and LPL of these animals as well as in the lamina propria of immunised animals during establishment and peak phases of giardial infection. The fact that ES products signal the generation and localisation of Lyt 2 cells in the gut accounts for a signi¢cant induction of CD8+ T cells in the PP of immunised animals (Table  3) , which is the main site of antigen presentation. The present study, however, indicates a signi¢cant increase in the percentage of IgA-bearing cells in the PP of immunised as well as immunised-challenged animals (Table 3) , which might have been responsible for the inhibition of G. lamblia trophozoites to be colonised in the intestine.
Further, it was observed that the decline phase of G. lamblia infection in the infected as well as the immunised and immunised-challenged animals involved a selective induction of CD4+ T cells in the IEL (Table 1) and LPL (Table 2 ) along with a signi¢cant reduction of CD8+ T cells (Tables 1 and 2 ). This phase of infection was also found to be accompanied by an increased number of IgA-and IgGbearing cells (Tables 1 and 2 respectively) . It thus appears that the inducer T cells may be responsible for the induction of antibody-dependent e¡ector responses. It has earlier been noticed that s-IgA bound to the surface of Giardia trophozoites results in the clearance of the same from the gut of infected animals [34, 35] while parasites with negligible surfacebound s-IgA persisted during the decline phase of infection [36, 37] . The anti-giardial IgA responses have also been noticed to be altered in mice depleted of T helper lymphocytes [35] . Indeed it has earlier been observed that the clearance of G. muris infection in mice is regulated by induction of CD4+ T cells [35] . Based on the ¢ndings of others and ourselves, we feel that a signi¢cant enhancement of T helper/inducer activity along with a signi¢cant enhancement of IgA-bearing cells results in the clearance of the trophozoites from the intestine. At the same time, the role of IgG in the clearance of Giardia cannot be ignored, since a signi¢cant increase in the IgG-bearing cells during the decline phase of the experimental animals was observed, although surfacebound parasite-speci¢c IgG antibodies on the trophozoites of Giardia isolated from the gut lumen of mice reported by Heyworth et al. [38] suggested a possible role of IgG in the modulation of the infection at gut level. However, the involvement of locally synthesised IgG in providing long-lasting protection against G. lamblia requires further investigation.
In contrast, the establishment phase of G. lamblia infection in the IEL, LPL as well as PP of the infected mice was accompanied by proliferation of IgM-bearing cells (Tables 1 and 2 respectively) suggesting that during the early stage of G. lamblia infection the immunoglobulin production was predominantly of the IgM isotype. This observation agrees well with the earlier reports in human giardiasis [394 1]. The proliferation of IgM-bearing cells during the acute phase of the disease is not a¡ected by the feedback suppressor pathway as the initial di¡erentiation of pre-B cells to immune IgM-bearing cells is independent of T cells or lymphokines [42] .
The present data demonstrate that the prior immunisation of mice with ESP resulted in a signi¢cant stimulation of local immunity as evidenced by a signi¢cant increase in IgA-and IgG-bearing cells in the LPL-immunised animals ( Table 2 ) which probably prevented the establishment of G. lamblia tropho-zoites in the immunised-challenged animals. Further, it was observed that the IgM-bearing cells in the LPL of the immunised animals ( Table 2 ) and control animals were statistically identical. These ¢ndings point to the fact that the genetic switching of IgMbearing cells to those recognising the antigen through receptors of the IgG and IgA classes has been completed during the immunisation schedule and memory IgG and IgA clones which were formed gave a booster response upon challenge in immunised animals.
A signi¢cant decline in the percentage of total T cells was observed within the PP of the immunised and immunised-challenged animals during 3^5 days PI/PC (Table 3 ). It appears that most of the activated T cells including CD4+ T cells might have migrated to the distal mucosal e¡ector sites, such as the lamina propria, as the percentage of these cells was found to be signi¢cantly increased in the LPL and IEL of these animals (Tables 2 and 1 respectively) where further stimulation and terminal di¡er-entiation into antibody-producing cells takes place [43^45] . Less is known about the induction and traf¢cking of primed T cells after oral immunisation, particularly in man. However, immunisation of PP with keyhole limpet haemocyanin in an animal model induced a population of primed T cells which suggested within the circulation before homing speci¢-cally to the gut [46] . In the gut, immunisation by the oral or enteral route has been found to e¡ectively stimulate a speci¢c mucosal immune response [20, 47] . The immunogen probably makes contact with immunocompetent B and T cells in the PP, and these cells, while di¡erentiating, then migrate to the mesenteric lymph nodes and further via the thoracic duct, enter into the systemic circulation. Committed, migrating cells eventually return to the intestinal mucosa where further stimulation and terminal di¡erentiation into antibody-producing cells takes place [43, 48] . On repeated immunisation, the immunogen may also, to a lesser extent, directly stimulate antigen-speci¢c memory cells in gut lamina propria [49, 50] . It remains poorly de¢ned whether the IgA class predominance of the gut mucosal response is already initiated in the PP or results from later in£uences on the B cells, i.e., while en route to or during this ¢nal di¡erentiation in the lamina propria [51, 52] .
In the spleen (Table 4 ) of immunised animals, we found a signi¢cant increase in the percentage of CD4+ T cells. An increase in CD4+ T cells appears to be bene¢cial as it related very well with elimina- tion of G. lamblia infection where it has been seen that when the local immunologic response is at its peak, G. lamblia is eliminated from the gut. We also found a sharp decline in IgA-bearing cells on the one hand and a signi¢cant increase in IgM-bearing cells on the other, in the spleen of the immunised animals during the establishment phase of the infection. It is quite likely from these ¢ndings that IgM may have taken over the functions of IgA resulting in the clearance of G. lamblia trophozoites. An experimental study of giardiasis utilising anti-IgM-treated mice also indicated the importance of IgM in regulation of giardial infection [14] . Farthing [53] has also reported that anti-giardial IgM potentiates the lytic e¡ects of complement on G. lamblia. The role of Giardia-speci¢c IgM response in regulating the disease process especially in immunocompromised hosts has also been elucidated [54] . However, in-depth investigations are required especially in view of the fact that the parasite remains con¢ned to the intestinal lumen without invading the intestinal mucosa. It may thereby fail to elicit either a systemic in£ammatory response or alterations in lymphocyte subsets in the peripheral blood [55] . The small bowel morphological changes observed during G. lamblia infection are believed to be determined, at least in part, by T cell-dependent activity [13] . Indeed, it is the gut-associated lymphoid tissue that plays a prominent role in the host defense against intestinal pathogens. The cells express mainly the CD4 antigen in the lamina propria whereas T cells expressing the CD8 antigen and NK cells comprise the majority of the IEL [56, 57] . It remains to be determined to what degree the local intestinal immune response and changes in intestinal lymphocyte subsets are correlated by those detected in the peripheral blood [55] . Further studies are therefore needed to elucidate the changes in intestinal mucosal lymphocyte subsets occurring during G. lamblia infection and to correlate them with lymphocyte subset distribution in the circulation.
The present study further revealed a signi¢cant increase in the population of total T as well as CD4+ T cells in the PP of infected animals (Table  3 ) during the establishment phase of infection. Earlier reports on PP`switch' T cells which possess the surface antigens and the known regulatory functions of T cells led to the hypothesis that an increase in the number of relative percentage of PP CD4+ T cells initiates subsequent events in the intestinal immune response [58] . The relative de¢ciency of these cells, as compared to CD8+ T cells in immunode¢cient nude mice, provided indirect support for this hypothesis [59] .
The cellular events within PP that follow antigen presentation are not well understood.`Switch' T cells, which are T helper cells, have been isolated from PP and in vitro have been demonstrated to participate in the immunoglobulin isotype switching that occurs with maturation of B cells into functional plasma cells [60] . In vitro cloned PP`switch' T cells proliferate when exposed to autologous B cells, T cells and macrophages, suggesting that cell-cell interactions are important in the generation of thesè switch' T cells [61] .
Thus, from the present study, it appears that IgA antibodies act as a ¢rst line of defense for immune exclusion of the parasite at the mucosal surface, i.e., blocking the colonisation of mucosal surface by the parasite. On the other hand, the presence of circulating anti-giardial antibodies [62^64] in clinical giardiasis patients and speci¢c serum IgG and IgA antibodies in experimental giardiasis [65] in mice indicates stimulation of the host humoral immune system. The demonstration of anti-ESP antibodies observed in the serum of immunised animals (Fig.  4) in the present study indicates that the antigen must cross the intestinal mucosa to stimulate the systemic lymphoid tissue. These antibodies may also be due to transepithelial translocation of immunoglobulins from the intestinal lumen produced by local (mucosal) antibody-producing cells stimulated by the parasite antigen [66] .
The development of in vitro culture techniques for Giardia a decade ago has secured an adequate supply of antigen such that serum antibody responses to Giardia are beginning to be well characterised, most commonly by ELISA. Experimental infections in mice con¢rm the appearance of speci¢c anti-Giardia IgA and IgG in intestinal secretions and clearance of the parasite relates closely to rising concentrations of these antibodies in the intestinal £uid.
Although circulating anti-giardial antibodies have been demonstrated in individuals su¡ering from giardiasis [61, 64] , their precise biological role has remained unclear. Vinayak et al. [33] have demon-strated that a speci¢c antibody response to plasma membrane (PM) and surface antigen GLSA 56 occurs in giardiasis. Comparison of groups of patients revealed low levels of antibodies against PM and GLSA 56 in persistent giardiasis, compared with non-persistent and asymptomatic cases.
In the present study, the levels of IgA, IgM as well as IgG were signi¢cantly increased in the immunised as well as immunised-challenged animals as compared to those of unimmunised control animals (Fig. 4) . We observed maximum levels of IgM in the serum of the immunised as well as immunisedchallenged animals (Fig. 4) which was found to be signi¢cantly higher compared to those of IgA and IgG serum levels (Fig. 4A,B respectively) at both 3^5 and 9^11 days PI/PC. But subsequently, the levels of IgG in the serum increased signi¢cantly as compared to those of IgM and IgA levels at 17^21 days PI/PC. It has been reported that anti-giardial IgM is produced earlier in infection, but antibody titres decrease rapidly within 2^3 weeks after the onset of infection [67] . An experimental study of giardiasis utilising anti-IgM-treated mice has also indicated the importance of IgM in regulation of giardial infection [14] . We further observed that unimmunised (control) animals had negligible levels of anti-ESP antibodies (Fig. 4) . It may, therefore, suggest that the attainment of a signi¢cant level of anti-ESP antibodies resulted in the complete elimination of the parasite. In other words, the clearance of G. lamblia infection correlated well with the development of anti-ESP antibodies. Therefore, the possibil- ity exists that the ES antigen from the live trophozoites was absorbed across the intestinal mucosa. Alternatively there may have been an interaction of viable trophozoites with the surface epithelium resulting in activation and uptake by tissue macrophages. In support of this hypothesis is the work by Owen et al. [68] , who demonstrated phagocytosis of G. muris by macrophages present in mouse PP. The immunisation of animals with ES antigen resulted in a signi¢cant titre of anti-ESP antibodies indicating that this protein is highly immunogenic and it seems that ESP is one of the major antigens of G. lamblia responsible for protection against the disease.
It is therefore pertinent to conclude that ESP of the parasite can be considered a candidate for immunoprophylactic studies. Such an agent may have a useful role in protecting vulnerable populations like children or persons from non-endemic areas travelling to endemic areas. Detailed investigations are essential to study the mechanisms by which the parasite evades the e¡ector immune mechanisms. Nevertheless, the investigations quoted above clearly indicate that although gut-associated immune mechanisms are involved in regulating giardial infection, other e¡ector immune mechanisms like mucosal mast cells, macrophages and other non-speci¢c intestinal factors cannot be ignored.
